long-chain acyl-CoA synthetase may constitute a region where ATP and the carboxyl group of a fatty acid interact to form acyl-AMP. The level of the long-chain acyl-CoA synthetase mRNA is high in tissues performing active fatty acid oxidation (heart) or triglyceride synthesis (liver and adipose tissue). We have also shown that the level of the mRNA in liver is remarkably increased by feeding a lipogenic diet. In order to extend our knowledge of the structure, function, and regulation of long-chain acyl-CoA synthetase, we have isolated and characterized a cDNA encoding human long-chain acyl-CoA synthetase. With this cDNA we have determined the chromosomal location of the enzyme. Based on the similarities of structure and reaction mechanism of long-chain acyl-CoA synthetase to the enzymes of the luciferase family, we discuss the functional domains of the enzyme.
MATERIALS AND METHODS
Materials-All restriction enzymes, T4 DNA ligase, Escherichia coli DNA ligase, DNA polymerase I (E. coli), large fragment of E. coli DNA polymerase I, T4 DNA polymerase, terminal deoxynucleotidyl transferase, Rous associated virus 2 reverse transcriptase, mung bean nu clease, exonuclease III, RNase H (E. coli), human placenta RNase inhibitor, and calf intestine alkaline phosphatase were purchased from Takara Shuzo (Kyoto). T7 DNA polymerase (Sequenase7M) was from United States Bio chemical. Human liver poly(A)+ RNA was obtained from Stratagene. The 32P-labeled nucleotides and 35S-labeled nucleotides were products of either Amersham or Du Pont New England Nuclear.
General Methods-Preparation of plasmid DNA, restric tion enzyme digestions, screening of the cDNA library, agarose gel electrophoresis, DNA blotting, and hybridiza tion were performed by standard procedures (7) . DNA probes were labeled with 32P by random octanucleotide priming (8) . To sequence the entire cDNA insert, the cDNA insert was shortened successively by exonuclease III (9) and subcloned into pUC vectors. Chain termination se quencing (10) was performed on denatured supercoiled plasmid DNA (11) stead of oligo(dT)12-18 to prime the synthesis of the first strand of cDNA. After the replacement synthesis of the second strand, the cDNA was cleaved with NotI and then ligated to Bluescript vector (Stratagene) which had been cleaved with Notl and EcoRV. The human long-chain acyl-CoA synthetase cDNAs were screened at low strin gency with 32P-labeled probe prepared from the cDNA for rat long-chain acyl-CoA synthetase (6) . Screening of 1 x 105 clones yielded two positive clones. The longest clone, designated pHACS1, was subjected to restriction enzyme mapping and its nucleotide sequence was determined.
Computer-Assisted Homology Search-Programs for weak homology detection (13) and homology matrix con struction (14) were used. According to the pairwise align ments made by the program for weak homology detection and the detailed outputs of homology matrices, multiple alignments were constructed. The significance of the de tected sequence similarity was analyzed by statistical testing with 100 randomized sequence pairs (15) . Differ ences and alignment scores among the aligned sequences were calculated, considering a continuous gap as a single substitution regardless of its length (14) .
Chromosomal Mapping-Human metaphase chromo somes were prepared from the human B-lymphoblast line GM00130B (46,XY). These cells showed an apparently normal karyotype. Preparation, staining, and sorting of metaphase chromosomes were described previously (16, 17) . Fifty thousand chromosomes of each type were sorted to a small spot on nitrocellulose filter disks and treated for a hybridization. Assignment of the chromosomes in the sorted fraction was made according to the method of Lebo et al. (18) GM00130B (46,XY). Human chromosomes were separat ed into 16 or 17 fractions when stained with Hoechst 33258 (Fig. 3A) or propidium iodide (Fig. 3C) , respectively. Spot-hybridization with flow-sorted chromosomes stained with Hoechst 33258 revealed a strong hybridization signal in fraction B, which contains chromosomes 3 and 4 ( Fig.  3B) . Hybridization with flow-sorted chromosomes stained with propidium iodide (Fig. 3D ) revealed a strong hybridi zation signal in fraction c, which contains chromosome 4. These results indicate that the long-chain acyl-CoA synthe tase gene is localized on chromosome 4. Amino Acid Sequence Similarity of Long-Chain Acyl -CoA Synthetase with the Enzymes of the Luciferase Family-In a previous paper, we showed that the sequence of amino acid residues 458 to 591 of rat long-chain acyl-CoA synthetase was similar to a part of firefly luciferase (6) . Based on the similarity of the reactions catalyzed by long-chain acyl-CoA synthetase and firefly luciferase, we have proposed that the luciferase-like region of long-chain acyl-CoA synthetase might constitute a region where ATP and the carboxyl group of fatty acid interact to form acyl-AMP. Recently, Toh (22) reported that the N-termi nal halves of gramicidin S synthetase 1 and tyrocidine synthetase 1 are similar to plant 4-coumarate:CoA ligase and luciferase from click beetle and firefly. Since long-chain acyl-CoA synthetase is similar to firefly luciferase, we compared the human long-chain acyl-CoA synthetase se quence with those of the enzymes of the luciferase family (22) , luciferases from firefly (23) and click beetle (24), Bacillus brevis gramicidin S synthetase 1 (25), B. brevis tyrocidine synthetase 1 (26) , and 4 coumarate: CoA ligases from parsley (27) . In this analysis, we used computer programs for weak homology detection (13) and homology matrix construction (14) . We found that all these enzymes of the luciferase family have sequence similarities with human long-chain acyl-CoA synthetase. Among these enzymes, we found that click beetle luciferase (green) is most similar to human long-chain acyl-CoA synthetase. Figure 4 shows the sequence similarity between human long-chain acyl-CoA synthetase and click beetle luciferase. Within the long-chain acyl-CoA synthetase sequence, there are two domains similar to click beetle luciferase (designat ed LS1 and LS2 in Fig. 4A ). The degrees of sequence identity of domains LS1 and LS2 in the human long-chain synthetase sequence to the corresponding regions of click beetle luciferase are 25.1 and 26.2%, respectively (Fig.  4B) . When conservative replacements are included in the calculation, the degrees of sequence similarity of domains LS1 and LS2 to the corresponding regions of click beetle luciferase are 46.4 and 46.1%, respectively. We also detected 25.5% similarity (including conservative changes) between the N-termini of the two enzymes (residues 1-46 of human long-chain acyl-CoA synthetase sequence, Fig.  4B) ; however, this value seems to be not significant. Based on the similarity, the structure of long-chain acyl-CoA synthetase can be divided into five domains; the N-termi nus, two domains similar to those in the enzymes of luciferase family, a long gap region between the similar domains and the C-terminus (Fig. 4A) . The non-similar domains, the N and C-termini and the gap, in the long chain acyl-CoA synthetase sequence may mediate the substrate specificity of the enzyme, because the enzyme exhibits a broad substrate specificity with respect to fatty acid.
Long-chain acyl-CoA synthetase and the enzymes of the luciferase family share a common catalytic reaction mecha nism. Long-chain acyl-CoA synthetase and plant 4-cou marate:CoA ligases catalyze the formation of acyl-CoAs from ATP, CoA, and carboxylic acids. Acyl-AMPs are the intermediates formed in the first reaction. Peptide antibi otic synthetases, gramicidin S synthetase 1 and tyrocidine synthetase 1 also catalyze the formation of amino-acyl -AMP from ATP and phenylalanine in the first reaction, and transfer the aminoacyl moiety to an SH group on the enzymes to yield covalently bound thiolester-linked phen ylalanine in the second reaction. This reaction is essentially the same as that of long-chain acyl-CoA synthetase except that the acyl group is transferred to an SH group on the enzymes instead of the SH group of CoA. Firefly luciferase also catalyzes the formation of luciferyl-AMP in the first reaction. During the second reaction, the luciferyl-AMP undergoes an oxidative decarboxylation which results in the production of CO2, oxyluciferin, AMP, and light.
McElroy and Seliger (28) described the formation of dehydroluciferyl-CoA from ATP, CoA, and dehydroluci ferin by firefly luciferase. This suggests that firefly lucifer ase catalyzes essentially the same reaction as long-chain acyl-CoA synthetase in the presence of ATP, CoA, and dehydroluciferin.
Based on the similarity and common catalytic reaction mechanism, it is suggested that the structural similarity between long-chain acyl-CoA synthe tase and the enzymes of the luciferase family may be related to the catalytic reactions of these enzymes.
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